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These slides have been prepared for presentation at the 2017 Fall AGU
meeting in New Orleans. The left column of this document presents the
slides themselves, while the right column provides explanatory notes.
Meteoroid environment models
Figure 2. Comparison of METEM/Divine meteoroid directionality vs. Earth-based radar (Matney, 2004) (Taylor and McBride, 1997).
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Fig. 11.— Radiants for I∗ = 0 (a) and I∗ = 0.003 (b). The model parameters used here are
the same as in Fig. 10. The gray scale shows the radiant density that was normalized to 1
at its maximum. The dashed rectangles in both panels show our radiant selection criteria
defined in Section 2.6.
(Nesvorny´ et al., 2011)
A dynamical model of the sporadic meteoroid complex 305
Fig. 6. The size distribution of the smallest model meteoroids above an ionization
threshold of 10−4 units. The heavy line indicates the overall best fit slope (dN/dr ∝
r−5.0) while the thinner line indicates a least-squares fit to the region below 100 µm
(dN/dr ∝ r−3.7).
Fig. 7. Model radiant distribution near the apex for ionizations above 0.01 units.
teor trails. Because of their lower cost, they can be run for many
years; the lower power also means they see larger meteoroids.
Radial scatter radars use higher power and narrower beams to re-
flect off the ionization immediately surrounding the meteor (head
echoes). The high power allows the radial scatter radars to see
much smaller meteoroids, though the precise mass limits are not
known for most radial scatter radars.
Fig. 8. Model radiant distribution near the apex broken down by parent object.
Fig. 9. Eccentricity distribution for meteors in the central condensations of the apex
sources.
There have been discrepancies between the velocity distribu-
tions of meteors as measured by these two techniques that have
caused some concern within the community. Though the issues
involved are complex, a concise summary of the conflicting obser-
vations was made by Janches et al. (2008).
Observations performed at various HPLA facilities around the
world have result d in fast r meteor velocity distributions (Sato
et al., 2000; Hunt et al., 2004; Janches et al., 2003; Chau
and Woodman, 2004) than those generally derived with spec-
ular meteor radars (Taylor, 1995; Galligan and Baggaley, 2004).
Specifically, HPLA velocity distributions have a bimodal shape
with a prevailing peak near 55 km/s (Close et al., 2002; Janches
et al., 2003; Chau et al., 2007), while most SMR velocity distri-
(Wiegert et al., 2009)
The Astrophysical Journal, 789:25 (20pp), 2014 July 1 Pokorny´ et al.
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Figure 12. Distribution of radiant posit ons f our modeled population of micrometeoroids released f om HTCs (left panel) and distribution of radiant positions of
CMOR 2012 observations restricted to 50◦–90◦ solar longitude (right panel); ecliptic longitude measured from the apex direction at the abscissa and ecliptic latitude
at the ordinate. Gray-scale corresponds to the s nthetic/observed particle flux. The oval zone centered at 57◦ ecliptic latitude indicates the NT region. We used our
visibility simulato to compute a fraction of the year by which each of the latitude–longitude bin is observable from CMOR. This coefficient has been used to multiply
the syntheti particle flux in each of the bins. The botto solid curve delimits sky region that is not visible from CMOR at any time.
their perihelia would become too close to the Sun. In this way,
our explanation for the depleted ring is mainly of a dynamical,
rather than collisional, origin (see Campbell-Brown 2008). The
few orbits whose radiants are seen in the zone of the depleted
ring are prograde in nature and have mainly semimajor axis
values smaller than 1 au and small eccentricities. They represent
an unusual end-state, not efficiently fed by any evolutionary path
and, obviously, they also have short collisional lifetimes. This is,
however, only a secondary aspect of the depletion, the primary
being dynamical origin.
While the impact speed distribution of arc orbits resembles
that of the NT orbits (Figure 3), we see very different e and
i distributions: (1) the median inclination is ≃45◦ and extends
from nearly zero to ≃110◦, and (2) the eccentricity distribution
steadily increases to a value of ≃0.8–0.9. The latter confirms
our previous finding that very low e values in the NT source
are the result of a selection effect: NT radiants simply require
high inclination and the Kozai–Lidov dynamics then makes the
eccentricity small. When the radiant-location is relaxed from
the NT zone, the arc orbits have inclination distribution similar to
the HTC orbits, with only slight preference for lower inclinations
because of the higher collision probability with the Earth. The
lower latitude radiants imply higher eccentricity values (e.g.,
Vokrouhlicky´ et al. 2012).
We find that the HTC-released particles also contribute to
the apex sources. Having δ 6 30◦, they require predominantly
retrograde or high eccentricity orbits. The first represents a
minority of cases among our starting conditions for HTC-
released dust particles, but retrograde orbits may be produced
during their orbital evolution by scattering off Jupiter and/or the
effects of secular resonances. With their larger impact speeds
(median value≃55 km s−1 and a tail up to 70 km s−1), the apex
zone may see somewhat smaller particles than the NT zone.
For instance, we find that particles between 100 and 200µm
contribute to the apex, while their input into the NT zone was
negligible (Figure 1). For this reason it is problematic to use our
calibrated population of the HTC particles and compute their
exact flux at the apex zone (unless an uncertain extrapolation
to smaller sizes is used). Since the impact speed, semimajor
axis, eccentricity and inclination distributions from our 100 and
200µm synthetic population resembles closely the observed
data (see, e.g., Campbell-Brown 2008), we find it promising
that our model predicts the HTC particles are contributors to
the apex zone too. Additionally, our simulations show that the
average strength of the apex source is ∼5 to ∼15 times larger
than the NT source and depends, among other factors, also on
the γ exponent of the cometary dust production function (4).
Since the NT signal is largely insensitive to γ , further work on
how the HTC dust contributes both in NT and apex sources may
help in refining our model. Re-evaluation of the relative weight
at which this dust component and dust from new (Oort cloud)
comets contribute at apex (as advocated by Nesvorny´ et al.
2011b), however, needs a separate, dedicated study. It would
be advantageous to combine CMOR data with other radars that
have different limiting sensitivity for instance the AMOR system
(e.g., Galligan & Baggaley 2005) or the MU system (e.g., Kero
et al. 2012).
4.4. Contribution to IR Flux of the Zodiacal Cloud
Nesvorny´ et al. (2010, 2011a) have calibrated the zodiacal
cloud parameters using a combination of a dynamical model and
infrared measurements from the IRAS spacecraft. In particular,
they found that the total cross-section of the cloud inside
Jupiter’s orbit (heliocentric distances 65 au) is ∼ (1–2) ×
1011 km2, with the dominant contribution from particles in the
100–200µm size range. This is because they also used a broken
power-law SFD with a Dmid value in this size interval.
Nesvorny´ et al. (2010) also included a model of the HTC dust
contribution in the zodiacal cloud. Their HTC model, though
somewhat simpler, was comparable to ours. They estimated that
HTC dust contributes less than 10% in the quoted total cross-
section. Because it is calibrated by an entirely different data set,
it is interesting to check our solution for the HTC dust yields
with their constraints. Note that this comparison is somewhat
problematic, because out data are insensitive to the smallest
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There are a host of meteoroid environment models out there, ranging
from simple models that describe just a flux to detailed N-body models.
They often focus on different components of the environment or use
different data sources. I will not be attempting to review the entire body
of work in this area. Instead, I’ll be talking about my own recent efforts
to improve our characterization of the meteoroid environment.
Meteoroid Engineering Mod R le se 2 0 (MEMR2)
I Stand-al ne software
I Computes mete roi (µg or larger)
environment r lative to spac c aft
I Does not compute crat ring rate or
risk of damage
I Does provide all the information
needed to do so
I Does not include temporal variations
such as showers
I Most appropriate during design
phase
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My work is motivated by the model we produce, which is a piece of
software called MEM. MEM focuses on characterizing the environment
for risk-assessment purposes, and so we are specifically interested in
meteoroids, not micrometeoroids or dust. MEM also does not concern
itself with meteor showers, since those are a very minor component of the
total meteoroid flux. Instead, this talk will deal with only the sporadic
meteor complex.
MEM components
Meteoroid impact crater on shuttle window.
Image provided by the NASA/JSC Hyperve-
locity Impact Technology (HVIT) Team.
I Damage done by a meteoroid impact
depends on:
I mass (above 10−6 g)
I velocity
I density
I impact angle
I We are revisiting each of these
components for the next version of our
Meteoroid Engineering Model (MEM).
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It’s not enough for MEM to describe the flux of microgram-or-larger
meteoroids. We also need to describe the density, velocity, and
directionality of these meteoroids, as all these properties influence the
damage done to a spacecraft surface. We’ve been revisiting each of these
properties in turn in preparation for our next update.
https://ntrs.nasa.gov/search.jsp?R=20180000875 2019-08-30T13:47:28+00:00Z
Meteoroid Engineering Model
I MEM ...
I is not purely empirical
I is not an N-body simulation
I is an analytic, physics-based model
calibrated to match observations
I Jones (2004) linked parent populations
to observed distributions, taking
radiative forces and collisions into
account
I Physical model basically the same since
2004
long-period 
comets apex source
short-period 
comets
helion & anti-
helion sources
Halley-type 
comets toroidal source
asteroids no corresponding source
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But before describing how we plan to change it, I’m going to take a
couple of slides to describe to you how our model works. It’s not purely
empirical, but neither is it the output of a large-scale N-body simulation.
Instead, MEM makes use of a physics based model that Jim Jones
derived by combining parent body characteristics with physical processes
such as collisions, and comparing the result with groupings of meteoroids.
Meteoroid Engineering Model (MEM)
dust production model
collisions and PR drag 
(ratio parametrized)
comet 
inclinations comet aphelia
comet perihelia
(parametrized)
speed distribution radiant distribution heliocentric distance distribution
observed speed 
distribution (CMOR)
observed radiant 
distribution (CMOR)
observed distance dist. 
(zodiacal dust)
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For each group, he took what he did know about the parent body
population and physical processes and parametrized the rest. These
parameters were then fit to match the observed characteristics of the
corresponding meteoroid population.
Meteoroid directionality is not isotropic
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The result is a model that is both physics-based and that matches key
observations. For instance, the directionality of the model contains the
same meteoroid “sources” that we observe, such as these concentrations
of meteoroids coming from the sunward and anti-sunward directions.
Meteoroid velocity is not uniform
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The velocity distribution is also tuned to match the speed distribution
measured by the Canadian Meteor Orbit Radar, one of our primary data
sources.
Velocity distribution de-biasing
Ionization efficiency
I Meteor ionization increases with
speed, and does not occur below
v0 ∼ 9 km s−1.
I Detections are complete to smaller
masses at higher v .
I We use the Jones ionization
efficiencya to de-bias the radar
meteor speed distribution efficiencyb
aJones, 1997; Thomas et al., 2016
bMoorhead et al., 2017
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Now that you hopefully have a feel for what our meteoroid model does
and needs to do, I’ll shift to talking about our efforts to improve it. For
instance, we have re-derived our velocity distribution using the same data
source – CMOR – but with a more modern treatment of ionization
efficiency. Radars detect the ionization produced by meteors, and meteors
ionize much more readily at high speeds. You therefore have to take this
into account to get an idea of what the mass-limited speed distribution
looks like.
Recent work done by Zoltan Sternovsky’s group – which I think we’ll hear
more about in the next talk – tends to support the Jones (1997)
equations for ionization efficiency. The big difference between this and
the power law we used in the past is that it drops to zero for non-zero
velocity. That makes a big difference at the low end of your speed
distribution.
Radar bias corrections
Limiting mass also depends on:
I Beam pattern/radiant visibility
I Range
I Initial trail radius effecta
I Pulse repetition effect
I Finite velocity effect
aJones & Campbell-Brown (2005)
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Ionization efficiency isn’t the whole story, though – detectability also
depends on things like your beam pattern, the declination of the meteor
radiant, and distance to the meteor. And there are a suite of radar
observing biases, such as the initial trail radius effect, which occurs when
the radius of the meteor trail is comparable to the radar wavelength and
you get destructive interference.
Velocity distribution de-biasing
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After taking all that into account, you end up with a substantially
different speed distribution than what you observed. Here, you see the
raw meteor speed distribution observed by the Canadian Meteor Orbit
Radar as blue circles. The green line represents an older debiasing of the
distribution that matches what we have in our model now. You’ll notice
that it is significantly steeper than the raw distribution – that’s due to
the ionization efficiency correction. Finally, our new debiasing yields the
distribution that appears as purple dots, which is even steeper.
You may also notice that there is a sharp spike in the slowest speed bins
that looks a bit odd. When I played around with quality cuts on the data,
it changed that spike by quite a lot.
Velocity distribution sharpening
Measurement uncertainty has a blurring effect
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This cartoon demonstrates what’s going on with that spike. If your true,
mass-limited speed distribution looks something like this straight line,
then your true, ionization-limited speed distribution looks like the green
curve. But in reality you have measurement uncertainty, and that will
tend to blur the distribution so that you measure something more like
this orange curve. If you then try to correct that orange curve for
ionization efficiency, the number of low speed meteors blows up, and you
end up predicting way more low speed meteors than are actually there.
You can try to avoid this by placing severe quality cuts on your data, but
that has the potential of introducing additional biases. So we need a
different way to handle this problem.
Velocity distribution sharpening
Constructing a filter
I We use meteor showers to characterize our observation “filter” ...
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What I decided to do was handle the blurring effects of measurement
uncertainty in a way that’s analogous to handling blurred images. If you
know exactly how the data is blurred – the filter or point-spread function
– you can try and invert that process to obtain a sharpened image or
distribution.
Fortunately, CMOR sees plenty of meteor showers, which hit the
atmosphere with close to a single speed. So if we look at the spread of
velocities that we get for members of a meteor shower, we can use that
to characterize our filter.
Velocity distribution sharpening
(Moorhead, submitted to MAPS)
I When we “sharpen” the raw distribution, hyperbolic meteors disappear naturally.
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This plot shows you the raw speed distribution before and after I
“sharpen” it using my shower-determined filter. You can see that the
peaks and troughs are a little more pronounced. Seemingly hyperbolic
meteors disappear from the data entirely. And, while it’s hard to see on a
linear scale, the sharpened distribution is consistent with having no
meteors at all slower than 14 km s−1.
Velocity distribution sharpening
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Here the velocity distribution has been both sharpened and de-biased
(orange squares), and you can see that the spike disappears completely.
Velocity distribution sharpening
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I’d like to make one caveat about this “mass-limited” speed distribution,
however. This process relies on the assumption that the speed
distribution does not change with mass. However, models predict that it
does change with mass at smaller mass scales, and it’s also possible that
the speed distribution of 1 g meteoroids differs from that of 10−5 g
meteoroids. So we are continuing to investigate the speed distribution
with other instruments to see how this varies with particle size.
Meteoroid densities
I Density measurements are few and far between.
I We need a density proxy. Two possibilities:
I KB – a combination of observable quantities (height, velocity, etc.) that supposedly
reflects a meteoroid’s “strength.”
I TJ – a combination of orbital quantities (semimajor axis, eccentricity, and inclination)
that is used to divide objects into “dynamical types”
I We used a recent survey of meteoroid densities to check which quantity was better
correlated with density. The result was surprising ...
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I’m now going to switch to discussing meteoroid density. While we can
measure millions of meteoroid velocities with an instrument like CMOR,
we can do no such thing with density. What few densities we have are
mostly the results of painstaking recreations of meteor light curves and
trajectories. In order to extrapolate these to the entire meteoroid
environment, we need a density proxy.
Meteor astronomers have frequently made use of a quantity called KB , or
Ceplecha type, as a crude measure of meteoroid physical properties. The
idea is that the height and speed at which a meteoroid begins to ablate
probes its material strength and density. Alternatively, Kikwaya
calculated about 100 meteoroid densities and found that they were
correlated with Tisserand parameter, or dynamical type. We suspected
that Ceplecha type might be a better proxy, and so we plotted density
against KB to compare it with the density-TJ correlation.
Meteoroid densities
I Kikwaya et al. (2011) constrained densities for ∼ 100 small meteoroids using
ablation modeling.
I Co-authors provided the data to calculate KB and TJ
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The results really surprised us – we found that KB was hardly correlated
with meteoroid density at all. The relationship between density and TJ
that Kikwaya found was much better, at least within his data set.
Density distribution
Moorhead et al. (2017)
I We divide meteoroids into two groups and assign a density distribution to each:
I TJ < 2 – HTCs, NICs – apex and toroidal
I TJ > 2 – JFCs, asteroids – helion/antihelion
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We therefore decided to use TJ as the basis for building our sporadic
meteoroid density model. We fit two gaussians to the Kikwaya data, and
assign high densities to the helion and antihelion source, and low
densities to the apex and toroidal sources.
Density de-biasing
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I Density does not affect peak brightness (L);
denser meteors simply peak at lower heights (see plot).
I Thus, no significant density bias in observations.
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I was concerned that this difference in density might lead to observational
biases that we’d also have to account for. However, it appears that
changing only density does not change the peak brightness of a meteor
significantly.
Density de-biasing
I Impact crater depth does depend on ρ:
depth ∝ ρ4/27
I Ratio of radiation pressure to gravity also depends on ρ:
Fr/Fg ∝ ρ−2/3
I Density affects the conversion of β-limited to mass-limited distributions, or
mass-limited to crater-limited distributions.
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It does, however, affect the damage it does to spacecraft – a denser
meteoroid will penetrate deeper into a spacecraft surface for the same
mass. For those of you that care more about science than spacecraft, it
also affects how you convert the results of N-body simulations to a mass-
or luminosity-limited distribution.
Meteoroid directionality
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If we convert our new velocity and density distributions into a
crater-limited directionality map, we get a radiant distribution in which
the helion and antihelion sources dominate much more than they do in
the observations.
Summary
I We have revisited the meteoroid velocity, density, and directionality distributions.
I Our velocity distribution is:
I derived from radar (CMOR) observations,
I de-biased using modern ionization efficiency, and
I sharpened to remove uncertainty smoothing.
I Our density distribution is based on Kikwaya et al. (2011).
KB was not well-correlated with ρ in any data set we examined.
I ∼40% of radar meteors are associated with the helion/ antihelion sources.
After de-biasing, we find that ∼80% of craters are associated with these sources.
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